Endocannabinoid 2-arachidonoylglycerol (2-AG) regulates several important physiological processes in the brain. 2-AG is commonly quantified by gas chromatography mass spectrometry after an initial purification step. The most precise and rapid purification utilizes C18 solid-phase extraction, but quantification problems can arise with acyl migration from 2-AG to 1-arachidonoylglycerol. We found that extraction with methanol promoted this migration, but acetone and diethyl ether (Et2O) did not. Acetone and Et2O were used to develop a purification method for the direct determination of 2-AG.
Introduction
The prototypical psychoactive cannabinoid (CB), ∆ 9 -tetrahydrocannabinol (THC), was first identified and isolated from marijuana and hashish in the 1960s. 1 The cannabinoid receptors CB1 and CB2 are found primarily in the brain 2 and periphery, respectively. 3 The cannabinoid system is involved in physiological processes relevant for memory, reward-related feeding and energy balance, among others. 4 The endocannabinoid 2-arachidonoylglycerol (2-AG) acts as full agonist of the CB1 and CB2 receptors, 5, 6 and is implicated in the modulation of inhibitory and excitatory transmission in the brain. 7 2-AG is produced by several cell types, including neurons and glial cells, 8 and is involved many physiological functions. 4, 7, 9 In the periphery, 2-AG has cardiovascular effects and acts as a vasorelaxant. 10, 11 Furthermore, 2-AG can be used as an indicator of metabolic risk and inflammation. 12, 13 Consequently, it is important to develop reliable methods for precise quantification of 2-AG.
The most widely used methods to quantify 2-AG are gas chromatography mass spectrometry (GC/MS), liquid chromatography mass spectrometry (LC/MS), and liquid chromatography tandem mass spectrometry (LC/MS/MS). [14] [15] [16] [17] [18] [19] [20] [21] The LC/MS and LC/MS/MS provide superior sensitivity and separation in comparison with GC/MS, but they are expensive. Although GC/MS is commonly used, the analysis is complicated by purification of the biological samples. [14] [15] [16] [17] [18] [19] [20] In many reports, this purification has been accomplished by HPLC, thin layer chromatography (TLC) or silica gel chromatography. [14] [15] [16] [17] [18] [19] [20] However, these methods are time-consuming and provide poor recovery of the target compound. Recently, C18 solid-phase extraction has been reported as a precise and rapid purification strategy for GC/MS quantification of 2-AG in tissue samples. 22 However, there are issues with this method, including acyl migration from 2-AG to 1-arachidonoylglycerol (1-AG). 14, 15, 17, 23 Presently, the level of 2-AG is estimated as sum of the levels of 2-AG and 1-AG in GC/MS analysis. 9, 15 However, little is known about the inherent levels of 1-AG in biological samples, which obviously leads to uncertainty in the estimated levels of 2-AG. Therefore, a method to inhibit acyl migration is needed to precisely quantify 2-AG in biological samples. Previous studies have shown the acyl migration reaction of 2-AG is highly dependent on the medium and pH. 24 Particularly, protic solvents such as methanol (MeOH), which are often used in purification, are thought to promote acyl migration of 2-AG. 9, 22, 23 In the present study, we examined the rates of 2-AG acyl migration during C18 solid-phase cartridge purification with MeOH and the aprotic solvents diethyl ether (Et2O) and acetone. In addition, we analyzed the levels of 2-AG in biological samples.
Experimental

Animals
Male ICR mice (25 -35 g, Kyudo Experimental Animal Laboratory, Saga, Japan) were kept under a 12-h light/dark cycle (lights on from 07:00 to 19:00 h) in an air-conditioned room (23 ± 2 C) with food (CE-2; Clea Japan, Tokyo, Japan) and water available ad libitum. All procedures regarding animal care and use were performed in compliance with the regulations established by the Experimental Animal Care and Use Committee of Fukuoka University.
Reagents and chemicals
Sep-Pak C-18 cartridges were purchased from Waters Chromatography Division, Millipore Corp. (Milford, MA). Butylated hydroxytoluene (BHT), 2-AG and methyl heneicosanoate were purchased from Sigma-Aldrich Chemical Co. (St Louis, MO). URB602 (biphenyl-3-yl-carbamic acid cyclohexyl ester) and 1-AG were purchased from Cayman Chemicals (Ann Arbor, MI).
N,O-Bis(trimethylsilyl)-trifluoroacetamide containing 1% trimethylchlorosilane (BSTFA + TMCS) was obtained from Supelco (Bellefonte, PA). MeOH, Et2O and acetone were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Tissue sample preparation
After sacrifice, the mice brains were homogenized using GE130PB ultrasonic processor (General Electric, New York, NY) in 5 vol. of chloroform/MeOH/50 mmol L -1 Tris HCl (2:1:1) containing BHT (final content 0.05%) and URB602 (final content 0.05 × 10 -3 %), which was added to block monoacylglycerol lipase activity.
Homogenates were centrifuged at 20400g for 5 min (5 C), and the aqueous phase plus debris were collected and extracted twice with 1 vol. of chloroform. The organic phases from the three extractions were pooled, and dried under nitrogen before further purification.
C18 solid-phase extraction
2-AG (5 μg) was dried under nitrogen and purified using Sep-Pak C-18 cartridges. The Sep-Pak C-18 cartridges were conditioned with 4 mL of MeOH followed by washing with of water (4 mL). Three purification procedures were investigated, including with MeOH (MeOH method), 5 mL of acetone/water (20:80, v/v) and 5 mL of Et2O (5 mL acetone + Et2O method), and 2 mL of acetone/water (20:80, v/v) and 5 mL of Et2O (2 mL acetone + Et2O method). The MeOH purification procedure followed that of Hardison et al., 22 and began with suspension of dried 2-AG in 2 mL of 10% MeOH in water. After loading the sample, the column was washed with 2 mL of water followed by 2 mL of 75% MeOH in water. The 2-AG was eluted from the column with 2 mL of MeOH. The purification procedures using acetone and Et2O, involved initial dilution of the dried 2-AG with 1.5 mL of acetone and 8 mL of water. After passing the sample through the cartridge, it was washed with either 5 mL (5 mL acetone + Et2O method) or 2 mL (2 mL acetone + Et2O method) of acetone/water (20:80, v/v) and the 2-AG was eluted with 5 mL of Et2O. Methyl heneicosanoate (50 ng) was added as an internal standard (IS) to 2-AG after C18 solid-phase extraction. The eluted solution was dried under nitrogen prior to derivatization.
Derivatization and GC/MS analysis
The dried 2-AG was derivatized by treatment with 30 μL of BSTFA + TMCS at room temperature for 30 min to obtain the trimethylsilyl (TMS) derivatives of 2-AG. Derivatized samples were dried under nitrogen, resuspended in 20 μL of acetonitrile, and injected (splitless mode) into a GC/MS (GCMS-QP2010, Shimadzu, Kyoto, Japan) equipped with an AOC-20i autosampler (Shimadzu, Japan). Analysis was performed in positive electron ionization (EI) mode. The GC/MS conditions were as follows: column, DB-5MS fused silica capillary column (30 m × 0.25 mm, i.d. 0.25 μm, J&W Scientific); column oven program, 100 C for 1 min followed by an increase to 290 C at 10 C min -1 ; injector temperature, 290 C; carrier gas and flow rate, helium at a constant flow rate of 1.33 mL min -1 . MS detection was carried out in selected ion monitoring mode (SIM) using m/z 507, which corresponds to a loss of 15 mass units from 2-AG and 1-AG. 2-AG was quantified using the IS method with methyl heneicosanoate. Eight point calibration curves were constructed for 2-AG in the concentration range 0.5 -66 nmol (r 2 = 0.99).
Results and Discussion
Because 2-AG is in low abundance in biological samples, its structure needs to determine by mass spectrometry. We examined the structures of the 2-AG and 1-AG as TMS derivatives. The following peaks were detected in the EI mass spectra (Fig. 1) . The mass spectra of the TMS derivatives of 2-AG and 1-AG are very similar to other reported mass spectra. 20 Quantification of 2-AG in biological samples presents numerous technical challenges.
14-23 GC/MS is commonly used to quantify 2-AG, [14] [15] [16] [17] [18] [19] [20] but the complex lipid profile of biological samples necessitates purification of lipid extracts before GC/MS analysis. There are many purification methods available, such as HPLC, TLC, silica gel chromatography and solid-phase extraction.
14-20 Solid-phase extraction is more rapid and provides better recovery than the other methods. 16, [18] [19] [20] 22, 25 Acyl migration from 2-AG to 1-AG can occur during this purification. It is important to find a way to reduce this migration because the endogenous levels of 1-AG in biological samples are unknown, which could interfere with precise quantification of 2-AG. We examined whether MeOH promoted acyl migration from 2-AG to 1-AG in the purification process with solid-phase extraction. During lipid purification, there was a large amount of acyl migration of the group of 2-AG from the sn-2 to the sn-1 position, resulting in a chromatographic peak corresponding to 1-AG. 9, 15, 23 As noted by another group, this acyl migration occurs during sample work-up and is often facilitated by a protic solvent such as MeOH. 15, 17 It is known that 2-AG is stable in acetonitrile, and we found acetonitrile did not affect the acyl migration (data not shown). However, we replaced MeOH with acetone and Et2O because these solvents are non-protic and have lower boiling points than acetonitrile, and consequently evaporate more rapidly. Our results show that replacement of MeOH with 5 mL acetone + Et2O in the purification largely prevents the acyl migration from 2-AG to 1-AG. Acetone alone did not influence the acyl migration of 2-AG, and this may be due to form a hemiketal, which blocks the hydroxyls of 2-AG. MeOH promoted the acyl migration from 2-AG to 1-AG (Fig. 2) . However, the rate of acyl migration was not influenced by the protic solvent H2O (data not shown). It may be the high acidity of the protic solvent MeOH that promote the acyl migration of 2-AG (Fig. 2) . The recovery of 2-AG with each method was calculated against that of the 2-AG reference standard (100% recovery). The amount of 2-AG recovered was reduced compared to the reference standard when using the MeOH and or 5 mL acetone + Et2O purification methods ( Fig. 3(a) ). In contrast, the recovery of 2-AG was not reduced in comparison to the standard when using the 2 mL acetone + Et2O method. Recovery from the MeOH method was only 7.6%. Altering the washing volume of acetone/water (20:80, v/v) from 5 to 2 mL improved the recovery rate from Fig. 2 Comparison of acyl migration from 2-AG to 1-AG after purification using the 1-AG/IS peak ratio expressed as the mean ± SEM (n = 6) (a), and chromatograms of control versus after purification (b).
Control: 2-AG reference standard. *, p < 0.05 vs. control (Student's t-test). 76.5 to 97.4%. The 2 mL acetone + Et2O method enabled complete separation of 2-AG from other biological materials in the sample (Fig. 3(b) ). The levels of 2-AG and 1-AG in ICR mouse brain were measured at 2.51 ± 0.35 nmol g -1 (n = 8) and 0.49 ± 0.09 nmol g -1 (n = 8), respectively, in 2 mL acetone + Et2O method. Interestingly, the acyl migration of 2-AG did not happen during extraction of the brain samples. This suggests they may contain compounds that prevent acyl migration. To date, the reported levels of 2-AG have differed by laboratory, 9, 25, 26 which might be related to the acyl migration from 2-AG to 1-AG. Our method provides a reliable purification and quantification method using GC/MS to measure the levels of 2-AG from biological samples. This purification may help standardize reported levels of 2-AG, and consequently contribute to understanding of endocannabinoid signaling and their use as a disease marker.
Conclusions
Our results showed that the 2 mL acetone + Et2O purification method prevented the acyl migration from 2-AG to 1-AG and enabled full recovery (97.4%) of 2-AG. Furthermore, this method provided separation of 2-AG from other biological materials. This purification method is precise and reproducible for the analysis of 2-AG in biological samples by GC/MS analysis. Precise quantification of 2-AG could be used to determine the role of biological 2-AG.
